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Background: THO complex members (THOCS) are essential for mRNA processing, transcription elongation, mRNA export and
genome integrity, which may be associated with tumor. However, the significance of THO complex members in Hepatocellular
carcinoma (HCC) has not been clarified.

Methods: In this study, we investigated expression levels, clinicopathological correlation, diagnostic and prognostic value, disease
associations, co-expression network, functional enrichment, genetic variation, drug sensitivity, molecular targets, and immune
infiltration of THOCs in HCC using UALCAN, ICGC, HPA, Kaplan—Meier Plotter, The Open Targets Platform database,
GeneMANIA, WebGestalt, GSCALite, LinkedOmics, TIMER. Meanwhile, the mRNA expression levels of THOCs in HCC were
verified by qRT-PCR.

Results: THOCs were significantly up-regulated at the transcription level in HCC, and overexpression of THOCs was correlated with
clinicopathological features. THOCs had potential diagnostic and prognostic value for HCC. THOCs could participate in apoptosis,
regulate cell cycle, and were also involved in DNA damage response. Important cancer-related signaling pathways such as EMT, RAS/
MAPK pathway and RKT pathway were also related to THOCs expression. In addition, the expression level of THOC1/2/6/7 was
negatively correlated with drug resistance. And miRNA, kinase, and transcription factor targets associated with THOCs have been
identified. Meanwhile, THOCs were associated with immune infiltration in HCC.

Conclusion: Our study revealed that THO complex members have important clinical significance for HCC and have potential clinical
utility in diagnosis, treatment and prognosis.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common disease worldwide and the fourth most common cause of
cancer-related death.! HCC is most prevalent in East and Southeast Asia, with China alone accounting for approximately
50% of all cases and deaths.” Currently, The best treatment for HCC patients is radical resection surgery, but the timing
of the operation is crucial.’> Metastasis and recurrence after resection are worrisome problems, which affect the prognosis
of HCC.* Evidence suggested that identification of HCC gene markers contributed to predicting prognosis.” Moreover,
the genetic alterations in HCC cells have been well known.' Therefore, it is very important to identify novel biomarkers
closely related to the diagnosis, therapy and prognosis of HCC, which has great potential to improve the prognosis
of HCC.

THO complex was initially identified as a four-subunit (Hprlp, Tho2p, Mftlp and Thp2p) complex in yeast. Tex1p
was later founded as an important component of THO subcomplex.®” In humans, the corresponding ortholog of Hprlp,
Tho2p, and Texlp are THOC1, THOC2 and THOCS3 respectively. THOCS, THOC6 and THOC7 were also important
components of THO, were first discovered in humans and Drosophila, and there had no corresponding ortholog in yeast.
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THOC4 (also named ALYREF), THO complex and other export proteins together form a larger and conserved multi-
subunit TRanscription and EXport (TREX) complex which played a key role in the coupling of transcription and mRNA
export.® The main role of THO complex in cells was to be recruited to chromatin and ensure the successful completion of
mRNA ribonucleoprotein (mRNP) biogenesis. THO was essential for pre-mRNA processing, transcription elongation,
mRNA export and genome integrity during transcription.” Lack of THO was closely related to transcription impairment
and increased genome instability. The specific performance was the production of suboptimal mRNPs, leading to the
formation of DNA:: RNA hybrids (R-loops), and the accumulation of R-loops induces DNA damage and eventually
blocks the transcription extension.'®!

Abnormal expression of some members of the THO complex had been confirmed in some cancers. THOC1 was
overexpressed in prostate and colorectal cancer.'*'> THOC2 was overexpressed in melanoma.'* And THOC4 was
overexpressed in bladder cancer.'> At present, some studies have confirmed that some THO complex members were
found to be significantly overexpressed in HCC and participated in the progression of HCC, leading to poor prognosis.
Reports showed that the inhibition of THOC1 and THOC2 could inhibit the proliferation and migration of HCC
cells.'®!” He et al reported that THOC4 regulated 5-methylcytosine (m5C) methylation modifications in HCC and had
diagnostic value.'® Saran et al reported that the expression of THOC5 was increased by 78% in HCC cells with
cytological differentiation grading G2 and G3 tumor.'® However, THOC3,6,7 in HCC had not been investigated, and
we have not seen a comprehensive analysis of the significance of THO complex members in HCC. In this study, we
systematically and deeply explored the expression of all THO complex members in HCC by using various comprehen-
sive public databases to determine the potential diagnostic, treatment and prognostic value of THO complex members in
the occurrence and development of HCC.

Methods
Analysis of THO Complex Members Expression

In our study, we used UALCAN database to detect the differential expression of THO complex members in normal
tissues and liver tumor tissues. UALCAN database is an interactive web-portal for analyzing The Cancer Genome Atlas
(TCGA) data, which could easily obtain a variety of functions such as gene differential expression analysis, clinico-
pathological correlation analysis and survival analysis.”’ Verify the expression of THOCs in HCC using International
Cancer Genome Consortium (ICGC), which has data on genomic changes present in a variety of cancers.
Immunohistochemical (IHC) analyses of THOCs proteins were performed by Human Protein Atlas (HPA). HPA is
a Swedish-based program that aims to map all the human proteins in cells, tissues and organs. Immunohistochemical
images of proteins could be directly visualized on its public website.?'

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Ten paired HCC tissues and adjacent normal tissues were taken from the resected tissues of HCC patients in The Second Hospital
of Jilin University, which were immediately frozen after resection and stored in —80°C liquid nitrogen. And the pathological type
of each HCC tissues specimen is verified by the pathology department of The Second Hospital of Jilin University. The
pathological type of all tumor tissue specimens was hepatocellular carcinoma. Detailed character of HCC patients was shown
in Table S1. Our study was approved by the ethics committee of The Second Hospital of Jilin University (2018169), and the
informed consent of patients and their families was obtained. Patients who participated in the study had signed informed consent.
Total RNA of HCC tissues and normal liver tissues were extracted with TRIzol reagent (Vazyme). cDNA was synthesized using
PrimeScript RT-polymerase (Vazyme). SYBRGreen Premix (Vazyme) with specific PCR primers (Sangon Biotech Co., Ltd.,
Shanghai, China). Primers used were listed as follows: THOC1 forward primer: TGTGGACGGATTCAGCTCTT, THOCI
reverse primer: AGGGTGCTTTCCTGCTCATT; THOC?2 forward primer: ATCAGCTAAAGGCGGGCAAA, THOC2 reverse
primer: GCTCTCCACCAGTCATAGCC; THOCS3 forward primer: GAGAAGGACCGGTTGGTCA, THOC3 reverse primer:
ACCACATCATCCTTGTTGCCT; THOC4 forward primer: CGTGGAGACAGGTGGGAAAC, THOC4 reverse primer:
TGCGACCAGAGCGATCATAG; THOCS forward primer: GGAGACCCTCACCAGCAAAC, THOCS reverse primer:
GCTTGTGAGCCTGGTCGAAT; THOC6 forward primer: CGCTGGATTGGATGTTTGGC, THOCG6 reverse primer:
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AAGGTGACGTGCTTCTGTGG; THOC7 forward primer: CCATCCAGACAGGCATGAGAC, THOCT7 reverse primer:
GCTTGCTTCCTGAGCTTCTTC. Reactions were run 95°C for 30 second, followed by 40 cycles at 95°C, 5 second; 56°C,
15 second; 72°C, 10 second. The 2-AAct method was used to calculate fold-changes.

Clinicopathological Analysis of THO Complex Members in HCC

The relationship between mRNA expression of distinct THOC1-THOC?7 and clinicopathological parameters in HCC was
analyzed by UALCAN, including tumor stage, grade and nodal metastasis status. We aimed to understand the potential
role of THOC in clinicopathological factors of HCC patients.

Diagnosis and Prognosis Analysis

The accuracy of diagnosis value of THO complex members in HCC patients was determined by receiver operating
characteristic (ROC) analysis with TCGA and ICGC data. The ROC curves were plotted by GraphPad prism 8.3. And
the cut-off value of sensitivity and specificity was selected according to the maximum value of Youden’s index. P < 0.05
indicates statistical significance. Additionally, the influence of THO complex members on the prognosis of HCC
patients is explored through Kaplan-Meier Plotter. And the analysis results of Overall Survival (OS), Recurrence-
Free Survival (RFS), Progression-Free Survival (PFS) and Disease-Specific Survival (DSS) could be obtained. Kaplan-
Meier Plotter is an online one-stop analysis database, including data from Gene Expression Omnibus (GEO), European
Genome-phenome Archive (EGA) and TCGA, from which we can analyze the prognostic value of a particular gene and
draw a survival curve. Concurrently, the hazard ratio with 95% confidence intervals and the log-rank P-value is
calculated.”

The Relationship of THO Complex Members and Multiple Diseases

The Open Targets Platform is a comprehensive and robust data integration for access to and visualization of potential
drug targets associated with disease.”® The association between THO complex members and various diseases is shown by
The Open Targets Platform. The association score calculated based on the confidence levels in the evidence between the
target gene and the disease ranged from 0 to 1. Data types were screened according to mRNA expression.

Functional Enrichment Analysis

GeneMANIA is a web tool that can explore the potential biological functions of gene lists and generate protein-protein
interaction (PPI) networks.”* GeneMANIA was used to construct the PPI network for THO complex members. And the
most related genes of THOCs were identified. The Web-based gene set analysis toolkit (WebGestalt) was employed to
comprehensively estimate the potential biological functions and pathways of THO complex members. This user-friendly
interface supports the overrepresentation enrichment analysis (ORA) approach for enrichment analysis.”> Gene Ontology
(GO) analysis consists of biological processes (BP), cellular components (CC) and molecular functions (MF). Pathway
analysis was carried out through Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome. False discovery
rate (FDR)<0.25 and P<0.05 was considered statistically significant.

Genetic Variation, Pathway and Drug Sensitivity Analysis

GSCALite database is a comprehensive database with multiple functions such as gene variation analysis, pathway
analysis, drug sensitivity analysis, etc.”® We observed gene variation of THOCs in HCC. And Pearson correlation is
performed between gene expression and copy number variation (CNV) of each gene. Pathway analysis defined pathway
activation or inhibition based on a pathway activity score (PAS). #-test was used to analyze the difference in PAS.
Spearman correlation analysis was performed between THO complex members and drug sensitivity. The drugs or small
molecules for investigation are derived from Genomics of Drug Sensitivity in Cancer (GDSC) and Cancer Therapeutics
Response Portal (CTRP).
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Kinase Target, miRNA Target and Transcription Factor Target Analysis

LinkedOmics is a publicly available portal that includes multi-omics data from all 32 TCGA Cancer types.”’ Analysis of
kinase target, miRNA target, and transcription factor target of THOCs was constructed in LinkedOmics. The analysis
was carried out using TCGA-LIHC datasets, and P < 0.05 represents statistical significance.

Correlation Between THO Complex Members and Immune Infiltration

TIMER is a flexible and friendly web server for the comprehensive analysis of immune infiltration in a variety of tumors.
Also, it has gene expression analysis, survival analysis, correlation analysis and other powerful functions.”® In this study,
the correlation between THOCs and the abundance of six immune infiltrates (B cells, CD4+ T cells, CD8+ T cells,
Neutrophils, Macrophages, and Dendritic cells) was evaluated. And the Cox proportional hazard model was constructed
by TIMER.

Statistical Analysis

GraphPad Prism 8.3 was used for the statistical analyses and generate figures. ¢-test was used to analyze the differential
expression of THOCs in HCC tissues and normal tissues. Similarly, correlation analysis of clinicopathological features
between multiple groups was also performed using the 7-test. Kaplan-Meier and Log rank tests were adopted to analyze
the survival time of HCC patients. The ROC curves were plotted by GraphPad prism 8.3. P-value < 0.05 had been
regarded as significantly significant in all statistical analyses.

Results
Expression of THO Complex Members in Transcriptional and Protein Levels in
Patients with HCC

In order to understand the differential expression of THO complex members at the transcriptional level in patients with
HCC, we preliminarily explored the expression of THO complex members mRNA in HCC tissues by using UALCAN
database. The results showed that the mRNA expression of THOC1/2/3/4/5/6/7 in HCC samples was significantly higher
than that in normal liver tissue (P<0.05, Figure 1A—G). We also detected the expression of THOCs with ICGC data. As
a result, we still obtained significant overexpression of THOC1/2/3/4/5/6/7 in HCC tissues (P<0.05, Figure 1H). We then
verified the expression of THOCs in 10 paired tumor tissues and adjacent normal tissues of HCC patients using qRT-
PCR. Consistent with the previous results, THOCs were overexpressed in HCC. (P<0.05, Figure 11-0).

Next, we obtained the immunohistochemical staining images of THOCs proteins in HCC through HPA database
(Figure 2). THOC1/7 protein was not expressed in normal liver tissues, whereas was highly expressed in liver tumor
cells. The expression of THOC3/6 was low in normal liver tissues, while high or median expression was observed in
HCC tissues. THOC2 had a median and high expression in normal and tumor tissues, respectively. Besides, high
expression of THOC4 was observed in both normal and tumor tissues. Unfortunately, the expression of THOCS was
not detected.

Consequently, transcriptional and protein expression of THOCs in HCC were generally increased, which may play an
important role in the occurrence and development of HCC.

Association of THO Complex Members mRNA Expression with Clinicopathological

Features of HCC Patients

Correlation between mRNA expression of distinct THOC1-THOC?7 and clinicopathological features in HCC analyzed
using UALCAN, including tumor stage, grade and nodal metastasis status. The results showed that the mRNA expression
of THOC1-7 was significantly correlated with clinicopathological features. In terms of HCC stages, the expression of
THO complex members was remarkably correlated with different HCC stages (Figure 3A). The expression levels of
THOC:s increased with the increase of stages. Likewise, we found that THOCs expression was prominently correlated
with different HCC grades (Figure 3B). And higher grade of HCC tended to have higher expression levels of THOCsS.
Regarding nodal metastasis status, we could roughly see that the expression of THOCs increased with node metastasis
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Figure | Expression of THO complex members in transcriptional levels in patients with HCC. (A—-G) The mRNA expression of THO complex members in HCC tissues
(UALCAN). Compared with normal liver tissues, the expression of THOC1/2/3/4/5/6/7 was increased in HCC tissues. (H) The level of THOCs in normal and HCC tissues
(ICGC). (I-O) The relative expression levels of THOCs in 10 paired normal and HCC tissues (qQRT-PCR). **P < 0.01, ***P < 0.001.

status (Figure 3C). The overall results indicated that abnormal expression of THOCs is involved in the progression
of HCC.

Diagnostic and Prognostic Value of THO Complex Members in HCC

To analyze the diagnostic and prognostic value of THOCs in HCC, ROC analysis was first used to detect the diagnostic
value of THO complex members in HCC with TCGA data. The results suggested that THOCs had better diagnostic value
for HCC. And the area under curve (AUC) values of THOC1, THOC2, THOC3, THOC4, THOCS5, THOC6, THOC7
were 0.9059 (sensitivity: 0.8770; specificity: 0.8400),0.8826 (sensitivity:0.7005; specificity: 0.9800),0.9188 (sensitivity:
0.7914; specificity: 0.9600),0.9130 (sensitivity: 0.8182; specificity: 0.8600),0.9583 (sensitivity: 0.8583; specificity:
0.9600),0.9159 (sensitivity: 0.8957; specificity: 0.8600),0.9023 (sensitivity: 0.7914; specificity: 0.9000), respectively
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Figure 2 Representative immunohistochemical staining images of THOCs proteins in HPA.

(Figure S1A, Table S2). The same analysis with ICGC data also showed that THOCs had quite good prognostic value.
All AUC values of THOCs ranged from 0.75 to 0.87. (Figure S1B, Table S2).
We then examined the prognostic significance of THO complex members in HCC patients with Kaplan-Meier Plotter.

And mRNA expressions of all THOCs were significantly associated with the prognosis of HCC patients. Overall survival
analysis demonstrated that HCC patients with a high level of THOC1 (HR=1.58, P=0.013)/2(HR=1.58, P=0.0087)/4
(HR=2.11, P=3.2¢-05)/5(HR=2.7, P=2.9¢-05)/7(HR=1.64, P=0.005) had a poor overall survival rate, while the expression
level of THOC3 (HR=1.38, P=0.071)/6(HR=0.77, P=0.19) had no remarkable/significant effect on overall survival
(Figure 4A). Results of Recurrence-free survival studies have indicated that patients with HCC who have higher
THOC1 (HR=1.67, P=0.0043)/4(HR=1.73, P=0.0022)/5(HR=2.12, P=1.9¢-05)/7(HR=1.81, P=0.00067) tend to have
poorer RFS rates. Conversely, THOC2 (HR=1.25, P=0.18)/3(HR=1.37, P=0.062)/6(HR=1.4, P=0.059) was not signifi-
cantly associated with RFS in HCC patients (Figure 4B). We also examined the influence of THO complex members on
progression-free survival and disease-specific survival in HCC patients. Results showed/revealed that HCC patients with
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Figure 3 The relationship between the expression of different THOCs and clinicopathological parameters (UALCAN). (A) The relationship between the expression of
different THOCs and individual cancer stages of HCC patients. THOCs mRNA expression levels were higher at the high cancer stage. (B) The relationship between the
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Figure 4 Prognostic value of THO complex members in HCC. (A) Overall survival curves of THO complex members in patients with HCC. (B) Recurrence-free survival
curves of THO complex members in patients with HCC. (C) Progression-free survival curves of THO complex members in patients with HCC. (D) Disease-specific survival
curves of THO complex members in patients with HCC.

Abbreviations: HCC; hepatocellular carcinoma, OS; overall survival, RFS; recurrence-free survival, PFS; progression-free survival, DSS; disease-specific survival, ROC;
receiver operating characteristic.

high THOC1 (HR=1.53, P=0.01)/2(HR=1.38, P=0.032)/4(HR=1.68, P=0.01)/S(HR=1.95, P=2.3e-05)/6(HR=1.35,
P=0.045)/7(HR=1.51, P=0.0066) expression had shorter PFS (Figure 4C). And patients with higher THOCI
(HR=2.01, P=0.0032)/2(HR=1.97, P=0.0029)/4(HR=2.12, P=0.0011)/5(HR=2.34, P=0.00015)/7(HR=2.2, P=0.00052)
had shorter DSS (Figure 4D).

In general, these results demonstrated that the mRNA expression levels of THOCs had better diagnostic value for
HCC, and could be considered as optional biomarkers for predicting the prognosis of patients with HCC.

The Association Between THO Complex Members and Various Diseases

The Open Targets Platform was used to explore the associations between THO complex members and different diseases
to assess whether THOCs are likely to become potential drug targets. The results showed that THOC1/2/4/5/6/7 was
related to cancer, especially THOC1 and THOCS, which were correlated with HCC (Figure 5, Table 1). Unfortunately, no
information about THOC3 was detected. Therefore, THO complex members have the possibility of becoming potential
therapeutic targets for HCC.

Enrichment Analysis of THO Complex Members in HCC

Using GeneMANIA, we established the PPI network of THO complex members and identified the 20 most related genes
(Figure 6A). Table S3 showed more specific results. Furthermore, the potential biological functions and involved
pathways of THO complex members and 20 interacting genes in HCC were explored in WebGestalt. GO analysis
showed that BP significantly related to THO complex members mainly included RNA processing, mRNA metabolic
process, mRNA processing, nuclear transport and nucleocytoplasmic transport (Figure 6B, Table 2). CC prominently
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Figure 5 Relationship between THOCs with HCC among the different diseases (The Open Targets Platform). The bubbles color and bubbles size represent the association

score.

changed in transcription export complex, THO complex, THO complex part of transcription export complex, nuclear

speck and nucleoplasm part (Figure 6C, Table 2). And MF is remarkably involved in RNA binding and mRNA binding

(Figure 6D, Table 2). As for the pathway analysis, KEGG analysis uncovered that RNA transport, spliceosome and

mRNA surveillance pathway were notably associated with THO complex members in HCC (Figure 6E, Table 3). While

Reactome analysis significantly enriched in Processing of Capped Intron-Containing Pre-mRNA, transport of mature

transcript to cytoplasm, transport of mature mRNA derived from an intron-containing transcript, cleavage of growing

transcript in the termination region, RNA polymerase II transcription termination (Figure 6F, Table 3).

Genetic Variation, Pathway and Drug Sensitivity Analysis of THO Complex Members

in HCC

To understand the role of THOCs in HCC, we explored the genetic variations, pathway and drug sensitivity of THOCs in
HCC by GSCALite database. We found that THOC1/2/5/6 had single nucleotide variation (SNV), which mainly
consisted of missense mutation and nonsense mutation (Figure 7A). Copy number variation (CNV) also existed in
THOC1/2/3/5/6/7. Both hetero-zygous CNV and homozygous CNV of THOCs were observed in HCC (Figure 7B).
However, only hetero-zygous CNV of THOCs was statistically significant, including amplification and deletion

(Figure 7C). Moreover, Pearson correlation analysis indicated that there was a positive correlation between CNV and

THOC:s expression (Figure 7D). Therefore, the occurrence of CNV may be the possible mechanism for the dysregulation
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Table | The Top 5 Diseases Associated with THO Complex Members

Disease Association Score
THOCI Neoplasm 0.098299426
Cancer 0.096805334
Hepatocellular carcinoma 0.0799
Prostate adenocarcinoma 0.0308
Hearing loss 0.029788889
THOC2 Mental retardation |
Genetic disorder 0.446608333
Genetic endocrine growth disease 0.3066
Cancer 0.0541
Melanoma 0.0508
THOC4 Neoplasm 0.047346111
Cancer 0.0427
Amyotrophic lateral sclerosis 0.040566667
Infectious disease 0.0362
Breast carcinoma 0.034093058
THOCS Neoplasm 0.070951685
Cancer 0.070836145
Hepatocellular carcinoma 0.0628
Anemia (disease) 0.031
Infectious disease 0.0296
THOC6 Cancer 0.269289039
Mental retardation 0.19845713
Syndromic intellectual disability 0.0116
Neurodegeneration 0.0104
Neurodevelopmental disorder 0.0104
THOC7 Cancer 0.474912212
Visceral Leishmaniasis 0.017316776
Chronic obstructive pulmonary disease | 0.0168
Neu-Laxova syndrome 0.0132
Viral disease 0.0116

of THOCs expression. The results of pathway analysis revealed that THO complex members were significantly involved
in the regulation of several important cancer-related signaling pathways in HCC, such as apoptosis, cell cycle, DNA
damage response, EMT, RAS/MAPK pathway and RKT pathway (Figure 7E and F). Correlation analysis between THO
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Figure 6 Enrichment Analysis of THO complex members and 20 related genes in HCC. (A) PPl network of THO complex members in GeneMANIA, different colors of the
network edge indicate the bioinformatics methods applied. (B—D) GO functional enrichment analysis predicted three main functions of THOCs and their 20 related genes,
including BP, CC, MF. (E and F) KEGG and Reactome pathway analysis on THOCs and their 20 related genes.

Abbreviations: BP; biological process, CC; cellular components, MF; molecular functions.

complex members and drug sensitivity showed that most THO complex members were negatively correlated with most
drug resistance. Low expression of THOC1/2/6/7 could lead to drug sensitivity. (Figure 8). This will provide a basis for
the screening of therapeutic drugs for HCC, which is conducive to the more rapid discovery of therapeutic drugs with
better efficacy and better matching with patients.

Kinase Target, miRNA Target and Transcription Factor Target of THO Complex
Members in HCC

Aiming to understand the potential molecular regulatory mechanisms of THOCs, we searched LinkedOmics database for
kinase target, miRNA target and transcription factor target of THO complex members in HCC. Table S4 showed the top
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Table 2 Mainly GO Terms of the THOCs and Their 20 Related Genes in HCC Patients (VWebGestalt)

Category | GO ID GO Term Size | Overlap | Enrichment P-value FDR
Ratio

BP GO:0006396 | RNA processing 887 17 13.88599 0 0

BP GO:0016071 | mRNA metabolic process 765 18 17.04757 0 0

BP GO:0006397 | mRNA processing 487 17 25.29131 0 0

BP GO:0051169 | Nuclear transport 356 14 28.49243 0 0

BP GO:0006913 | Nucleocytoplasmic transport 353 14 28.73457 0 0

CcC GO:0000346 | Transcription export complex 14 10 523.6012 0 0

CcC GO:0000347 | THO complex 6 6 733.0417 0 0

CcC GO:0000445 | THO complex part of transcription export 6 6 733.0417 0 0

complex

CcC GO:0016607 | Nuclear speck 383 13 24.88131 4.44E-16 1.30E-13
CcC GO:0044451 | Nucleoplasm part 1087 | 16 10.78994 1.87E-14 4.38E-12
MF GO:0003723 | RNA binding 1603 | 18 7.798503 3.46E-14 6.50E-11
MF GO:0003729 | mRNA binding 233 | 4 11.92275 3.17E-04 0.297836

Table 3 Mainly Pathway Terms of the THOCs and Their 20 Related Genes in HCC Patients (VebGestalt)

Category | Pathway | Pathway Name Size | Overlap | Enrichment | P-value FDR
ID Ratio
KEGG hsa03013 | RNA transport 166 | 9 30.32391 8.98E-13 2.93E-10
KEGG hsa03040 | Spliceosome 133 | 6 25.23193 5.17E-08 8.43E-06
KEGG hsa03015 mRNA surveillance pathway 91 4 24.58495 1.51E-05 0.001637
Reactome | R-HSA- Processing of Capped Intron-Containing Pre- 243 14 30.39959 0 0
72203 mRNA
Reactome | R-HSA- Transport of Mature Transcript to Cytoplasm 83 12 76.28675 0 0
72202
Reactome | R-HSA- Transport of Mature mRNA derived from an 74 12 85.56486 0 0
159236 Intron-Containing Transcript
Reactome | R-HSA- Cleavage of Growing Transcript in the Termination | 67 13 102.3799 0 0
109688 Region
Reactome | R-HSA- RNA Polymerase Il Transcription Termination 67 13 102.3799 0 0
73856

five most significant kinase targets, miRNA targets and transcription factor targets for each THOC:s. It is not difficult to
see that kinase CDK1, kinase CDK2, kinase ATM are the common targets of most THO complex members. As for
miRNA target, (GGGATGC) MIR-324-5P was considered as a miRNA target for THOC3/4/5. And (ATGCAGT) MIR-
217 was considered as a miRNA target for THOC4/6. Results of transcription factor target showed (SCGGAAGY) V
$ELK1 02 and (RCGCANGCGY) VENRF1 Q6 was suggested as the target of THOC2/3/4/5/6/7.
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Figure 7 GSCALite analysis of THO complex members. (A) SNV frequency and variant types of THO complex members in HCC. (B) CNV pie distribution of THO
complex members in HCC. (C) Significant results of hetero-zygous CNV of THOCs were observed in HCC. And no Significant results of homozygous CNV of THOCs
were observed. Red represents amplification and blue represents deletion. The size of the dot represents the mutation frequency. (D) Pearson correlation analysis between
CNV and THOC:s expression. Red represents positive correlation, and color depth represents correlation intensity. The size of the dot represents statistical significance. (E)
The relationship between pathways and THO complex members. (F) The interaction between pathways and THO complex members.

Association of Immune Infiltration with THO Complex Members in HCC

In the next study, we attempted to explore whether there is a relationship between THO complex members and tumor
immune infiltration. The results in TIMER illustrated that THOC1/2/3/4/5/6/7 was significantly correlated with the
abundance of six immune infiltrates (B cells, CD4+ T cells, CD8+ T cells, Neutrophils, Macrophages, and Dendritic
cells) in HCC (Figure 9). Meanwhile, the Cox proportional hazard model of THO complex members was constructed
(Table 4). Univariate Cox analysis showed that macrophages, neutrophils and THOC1/2/4/5/6/7 were risk factors for the

International Journal of General Medicine 2022:15 heeps: 2707

Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

° ° FVorinostat [ ]
° ° Fcupc-101
° ° [ CAY10603
° ° L AR-42 °
° [ Tubastatin A
° - Belinostat @ [ ] |
[ ] ([ ]
° ° ' | ]
[ 3 13
( d L ]
°
° L GSK690693 P
° L GsK2126458 ]
o L TGX221
[ ] [ ] ENPK76-11-72-1 2
3 3 - Ispinesib Mesylate -
° ™ L GSK1070916 | o
. ° [ Genentech Cpd 10 i
. ° FTHZ-2-102-1
° ° 7 |
° ° ) 4 |
]
H H . : ]
L I-BET-762
L CHIR-99021 L4 2 g
° ° [ cPas6722 ] °
®-AZD7762
L Trametinib e
L selumetinib  §
LRDEA119
® } PD-0325901 !
° ° FWZ3105 ]
° 1 TG101348 e
° FQL-XI-92 . ' |
®CEP-701 °
®-BHG712
° LTAK-715 | !
° ° ®-TPCA-1
° ° [ XMD13-2
° ° FSNX-2112
° ° LaL-x-138
° ° FIW-7-24-1
° ° - BMS345541
° ENG-25
° LKIN0O1-236 °
® - Z-LLNle-CHO °
@ TL-1-85 , J
[17-AAG
° ° r o e
° L osl-027 ‘
I Lapatinib ® ’
° [ ] @ - Methotrexate ' (] [ )
& i % - % & 4 >
g g g g g S g S
E E £ E £ £ £ £
. ~ Spearman Correlation . Spearman Correlation
0g10(FOR) [ @] 10 [@] 20 [@) 30 [@) 40 - 1og10(FOR) [ @] 5 [@] 10 [@] 15 [@] 20 [@] 25 P
-03-02-01 00 0.1 02 -025 000 025

Figure 8 The Spearman correlation between THOCs expression and drug sensitivity. The positive correlation means that the gene high expression is resistant to the drug,
vise verse.

prognosis of HCC patients. Further Cox multivariate analysis showed that B cells, dendritic cells and THOC4/5 were the
independent risk factors for the prognosis of HCC patients. These results uncovered that THOCs are involved in immune
cell infiltration in HCC, which affect the clinical outcome of HCC patients. Especially THOC4 and THOCS.

Discussion

HCC is a well-known malignant tumor with complex molecular pathogenesis and individual heterogeneity. The
discovery of common genetic alterations in HCC is necessary for extensive and effective targeted therapy.”” THOCs
were connected to mRNA processing, mRNA nuclear export and genomic stability, ultimately affecting gene expression.
THOCSs’ abnormal expression was related to oncogenesis and development have been reported.® In this study, we
systematically explored the potential role of THOCs in the development of HCC.

In our study, we first analyzed and evaluated the data from public databases, and the results showed that THOC1/2/3/
4/5/6/7 mRNA was significantly overexpressed in HCC. And the expression of THOC1/2/3/6/7 protein in HCC was
higher than that in normal tissues. Meanwhile, the overexpression of THOCs in 10 paired tumors and adjacent normal
tissues of patients with HCC had been detected by qRT-PCR. Secondly, we observed that high expression of THOCs was
positively correlated with higher HCC stage and tumor grade. Then, we found that the expression level of THOC1/2/3/4/
5/6/7 had diagnostic value for HCC and THOC1/2/4/5/6/7 was negatively correlated with the prognosis of HCC.
Therefore, THOCs may be closely related to the progress of HCC and has potential diagnostic and prognostic value.
It may be prognostic biomarkers and potential therapeutic targets for patients with HCC.

Functional enrichment analysis of the PPI network composed of THOCs and their 20 interacting proteins predicted
the potential mechanism of THOCs in the progression of HCC. GO analysis was mainly concentrated in RNA
processing, nuclear transport, mRNA binding, etc. KEGG pathway and Reactome analysis showed that THOCs were
involved in RNA transport, spliceosome, mRNA surveillance pathway, etc. Previous studies had shown that the role of
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THOCs is to complete the transcription process and ensure the correct processing and transport of mRNA to the

cytoplasm,” which was consistent with functional enrichment analysis. Any abnormality in the process of gene

transcription may lead to up-regulation or down-regulation of genes, especially when cancer-related gene transcription

abnormality occurs, which was closely related to the occurrence of tumors. As a step of mRNA processing, splicing
The main role of mRNA

could regulate gene expression. Abnormal splicing activity often occurs in cancer cells.?
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Table 4 Cox Proportional Hazard Model of THO Complex Members in HCC Patients

Variables HR Univariate P-value HR Multivariate P-value
95% CI 95% CI
Low High Low High

B cells 0.864 0.053 13.978 0918 0 0 0.108 0.01
CD8+ T cells 0.515 0.053 5.035 0.569 0.006 0 I.15 0.056
CD4+ T cells 11.602 0.483 278815 0.131 0.019 0 10.948 0.222
Macrophages 22.634 1.631 314.017 0.02 33.365 0.197 5641.398 0.18
Neutrophils 486.294 2.269 104,217.1 0.024 0.82 0 53,227.289 0.972
Dendritic cells 1.74 0.54 5.612 0.354 123.586 3.136 4869.723 0.01
THOCI 1.566 1.2 2.044 0.001 I.115 0.76 1.636 0.576
THOC2 1.427 1.158 1.757 0.001 I.115 0.842 1.476 0.446
THOC3 1.287 0.998 1.659 0.051 0.793 0.563 1117 0.185
THOC4 1.545 1.258 1.899 0 1.376 1.007 1.88 0.045
THOCS 1.922 1.459 2.53 0 1.597 1.109 2.3 0.012
THOCé6 1.35 1.028 1.774 0.031 0.782 0.54 1.132 0.193
THOC7 1.947 1.389 2.728 0 1.311 0.859 2.003 0.21

Note: Bold values indicate statistical significance.

surveillance pathway was to degrade aberrant or harmful RNAs in cells. Genetic changes in components of mRNA
surveillance pathway could cause diseases, including cancer, which may be an important potential pathogenesis of
cancer.”’

Pathway analysis in HCC showed that THO complex members were involved in the regulation of several important
cancer-related signaling pathways, such as cell cycle, apoptosis, DNA damage response pathways, EMT, RAS/MAPK
pathway and RKT pathway. Abnormal expression of THOCs induced abnormal cell cycle and cell proliferation in
tumor.*> THOCI played a role in activating G2/M cell cycle checkpoint.>* THOC4 was involved in the regulation of
S and G2 cell cycle, which may be related to the effect of THOC4 on the expression of cyclins.>* THOCs were associated
with apoptosis.**** Previous evidence suggested that the consumption of THOC1,2,5-7 could induce apoptosis of HCC
cells, but THOC3 did not.** In addition, depletion of THOCs led to the accumulation of R-loops, which could cause
DNA damage and was associated with genomic instability, thereby affecting tumorigenesis.® In HCC, epithelial-to-
mesenchymal transition (EMT) was mainly driven by Wnt/B-catenin signaling pathway, which was involved in the
shaping of tumor microenvironment and closely related to tumor metastasis.’> There had evidence that the target gene of
Wnt/B-catenin signaling pathway depended on the regulation of THOCS, which may have certain significance in the
treatment of cancer.>® Meanwhile, THOCs were associated with RTK pathway and RAS/MAPK pathway, which were
carcinogenic. These two pathways interact with each other and participated in the abnormal proliferation and differentia-
tion of tumor cells, thus inducing tumor growth and invasion.>”>°

Our study also explored the correlation between THOCs and drug sensitivity, and the results showed that THOCs
were significantly associated with some drugs or small molecules. Recent research revealed that knockdown of THOC1
inhibited the proliferation of HCC cells and increased the sensitivity to cisplatin, which was related to the increase of
R-loops caused by the decrease of THOCI1. DNA damage caused by the accumulation of R-loops made cells more
susceptible to genotoxic drugs. Luteolin could reduce the expression of THOCI and then increase the sensitivity of
cisplatin to liver cancer, providing a new idea for drug therapy.'® Downregulation of THOC1 or THOCS did not induce
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apoptosis in normal cells but induces apoptosis in cancer cells,** >

which would make it possible to achieve the goal of
drugs targeting only tumor cells. Zhu et al reported that the difference in THOC2 expression may lead to different
sensitivity of HCC patients to drugs such as methotrexate, erlotinib and vinorelbine. Low-expression THOC2 patients
had higher sensitivity to chemotherapy.'” In addition, recent experiments had confirmed that THOC4 is the drug target of
neuroblastoma.*® Therefore, the research of THO complex members in the direction of targeted treatment of HCC has
great potential and further research is very necessary.

The potential molecular regulatory mechanism of THOCs in HCC was examined. We identified several kinase targets
for THOC:s. Kinase CDK1, kinase CDK2 and kinase ATM were the common targets of most THO complex members.
These kinases played a role in maintaining genomic stability and regulating the cell cycle.** ATM could induce DNA
damage and led to tumor cell death.*® In addition, we found that MiR-324-5p and MiR-217 related to the expression of most
THO complex members. These MiRNA targets were involved in the proliferation, invasion and metastasis of HCC cells.
Previous studies revealed that MiR-324-5p is associated with the degradation of HCC extracellular matrix.*® And MiR-217
was involved in the regulation of the MAPK pathway in HCC, thus affecting the progression of EMT.*’ The transcriptional
factor targets of THOCs complex members were mainly related to ELK1 and NRF1. ELK1 was an important participant in
EMT and mediated oxaliplatin resistance in HCC.*® ERF1 was associated with cell cycle and cell stability, and was involved
in carcinogenic processes (cell proliferation, invasion, metastasis, and EMT) in HCC.*® Therefore, regulation of different
targets by THO complex members may mediate tumorigenesis and progression of HCC.

Tumor immune infiltration analysis demonstrated that the expression of THOCs in HCC was significantly correlated
with the infiltration of immune cells (B cells, CD4+ T cells, CD8+ T cells, Neutrophils, Macrophages, and Dendritic
cells). And Cox multivariate analysis showed that THOC4 and THOCS still affected the overall survival of HCC under
the condition of immune infiltration, which may be independent prognostic biomarkers of HCC. The expression levels of
the immune checkpoints including PD1 and CTLA4 were positively correlated with THOC2 expression in HCC, which
had a significant function in regulating the activation of T cells.'” THOC4, one of the components of T cell enhanceo-
some, was involved in T cell maturation and provided the molecular basis for the expression of MHC class I genes.”® As
a cytoplasmic substrate for Fms tyrosine kinase activated by macrophage colony-stimulating factor, THOCS was directly
involved in the differentiation of macrophages.’’ Consequently, THOCs may be involved in the regulation of tumor
immunity in HCC and affect the prognosis of HCC.

Conclusions

In summary, our research indicated that THOCs were prominently up-regulated in HCC and closely related to
clinicopathological features, which may play an important role in the occurrence and development of HCC. At the
same time, THOCs had great potential diagnostic and prognostic value for HCC and were negatively associated with
drug sensitivity, indicating that THOCs had potential targeted therapeutic significance for HCC. Furthermore, THOCs
may involve in the regulation of tumor immunity. THOCs could be new potential biomarkers and therapeutic targets
for HCC.
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